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Abstract: Cells grow in response to nutrients or growth factors, whose presence is detected and communicated by elabo-
rate signaling pathways. Protein kinases play crucial roles in processes such as cell cycle progression and gene expression, 
and misregulation of such pathways has been correlated with various diseased states. Signals intended to promote cell 
growth converge on ribosome biogenesis, as the ability to produce cellular proteins is intimately tied to cell growth. Part 
of the response to growth signals is therefore the coordinate expression of genes encoding ribosomal RNA (rRNA) and ri-
bosomal proteins (RP). A key player in regulating cell growth is the Target of Rapamycin (TOR) kinase, one of the gate-
keepers that prevent cell cycle progression from G1 to S under conditions of nutritional stress. TOR is structurally and 
functionally conserved in all eukaryotes. Under favorable growth conditions, TOR is active and cells maintain a robust 
rate of ribosome biogenesis, translation initiation and nutrient import. Under stress conditions, TOR signaling is sup-
pressed, leading to cell cycle arrest, while the failure of TOR to respond appropriately to environmental or nutritional sig-
nals leads to uncontrolled cell growth. Emerging evidence from Saccharomyces cerevisiae indicates that High Mobility 
Group (HMGB) proteins, non-sequence-specific chromosomal proteins, participate in mediating responses to growth sig-
nals. As HMGB proteins are distinguished by their ability to alter DNA topology, they frequently function in the assembly 
of higher-order nucleoprotein complexes. We review here recent evidence, which suggests that HMGB proteins may func-
tion to coordinate TOR-dependent regulation of rRNA and RP gene expression. 
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INTRODUCTION 
  Eukaryotic cell growth is regulated by intricate signaling 
pathways in response to nutrient levels, environmental stress 
and the presence of growth factors. Several protein kinases 
contribute to such signaling, including the target of rapamy-
cin (TOR) kinase, a highly conserved serine/threonine kinase 
that plays a central role in the control of cell growth (re-
viewed in [1-3]). TOR is structurally and functionally con-
served in all eukaryotes, and in mammalian cells, its dys-
regulation has been linked to many forms of cancer (re-
viewed in [4-7]). When growth conditions are favorable, 
TOR is active; this results in cells supporting ribosome bio-
genesis, translation initiation and nutrient import. Under 
stress conditions, TOR signaling is suppressed, resulting in 
cell cycle arrest. The failure of TOR to respond appropriately 
to environmental factors or nutritional signals leads to un-
controlled cell growth, as TOR signaling controls many as-
pects of cellular metabolism, including initiation of transla-
tion and transcription.  
  Up to 80% of the transcriptional machinery in Sac-
charomyces cerevisiae is dedicated to synthesis of ribosomal 
components - rRNA by RNA polymerase (Pol) I, ribosomal 
proteins by Pol II and 5S ribosomal RNA and tRNA by Pol 
III - while in the proliferating mammalian cell, as much as 
50% of nuclear transcription is committed to this goal. What  
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has also becomes increasingly evident is that ribosome bio-
genesis is an important determinant of cell growth; to main-
tain steady growth in response to favorable conditions, about 
2000 ribosomes need to be synthesized per minute. While 
the role of TOR in regulating the synthesis of ribosomal 
components is well established, the mechanism by which all 
three polymerases are coordinately regulated in response to 
appropriate stimuli remains to be fully elucidated. As re-
viewed here, emerging evidence points to a role for high 
mobility group (HMGB) proteins in mediating such coordi-
nated regulation in response to TOR signaling. 
TOR COMPLEXES 
  Both yeast and mammals contain two functionally and 
structurally distinct TOR complexes, TOR complex 1 
(TORC1) and TOR complex 2 (TORC2), each composed of 
TOR as well as subunits that determine downstream sub-
strates [8]. TORC1 controls cell growth via a rapamycin-
sensitive signaling pathway [9-11] while TORC2 controls 
the organization of the actin cytoskeleton through a rapamy-
cin-insensitive signaling pathway [12-15]. While higher eu-
karyotes encode a single TOR homolog, yeast encodes two 
TOR proteins, TOR1 and TOR2, either of which may be-
come components of TORC1. TOR1 and TOR2 are therefore 
functionally redundant as components of TORC1, which 
responds to rapamycin by generating cellular responses akin 
to those induced by stress or starvation, including down-
regulation of translation, inhibition of ribosome biogenesis, 
and specific changes in gene expression. In contrast, yeast Coordination of Ribosomal Protein  Current Genomics, 2009, Vol. 10, No. 3    199 
TOR2 is uniquely required for mediating the cell cycle-
dependent polarization of the actin cytoskeleton and is the 
kinase component of TORC2 [13, 16, 17].  
  The ~280 kDa TOR proteins share 40-60% sequence 
identity and contain several domains. The N-terminal do-
main contains a number of HEAT motifs (for Huntington, 
EF3, A subunit of PP2A, TOR1), required for proper subcel-
lular localization [18]. A central FAT domain (for FRAP, an 
earlier name for mammalian TOR, ATM, TRAP) may medi-
ate protein-protein interactions [18, 19]. The C-terminal do-
main harbors the serine/threonine protein kinase activity. 
TOR proteins belong to the phosphatidyl inositol kinase-
related kinase (PIKK) family, as their catalytic domain re-
sembles that of the phosphatidyl inositol 3-kinases (PI3K). 
The kinase domain is immediately preceded by the FKBP12-
rapamycin binding domain (FRB). Both TORC1 and TORC2 
are multimeric complexes (Fig. (1); [14, 20]). 
  The response to rapamycin requires that the drug first 
combine with the intracellular receptor FKBP12 [9, 21]. 
FKBP12-rapamycin binds TORC1 to inhibit its function. 
Indeed, TOR was originally identified on the basis of muta-
tions that confer resistance to rapamycin, which is a macro-
cyclic lactone produced by Streptomyces hygroscopicus as 
an antifungal agent. Treatment of yeast cells with rapamycin 
phenocopies nitrogen starvation or inactivation of TOR by 
leading to down-regulation of protein synthesis and upregu-
lation of macroautophagy (delivery of cytoplasmic contents 
to lysosomes and vacuoles). The mechanism by which 
FKBP12-rapamycin inhibits TORC1 is not known but has 
been proposed to include blockage of substrate access or 
dissociation of TOR from associated proteins [22, 23]. Pro-
teins associated with TOR in yeast TORC1 have been identi-
fied as KOG1, TCO89, and LST8, of which only TCO89 has 
no obvious mammalian homolog (Fig. (1)); KOG1 defi-
ciency in yeast resembles the phenotype of rapamycin treat-
ment, suggesting that KOG1 is a positive regulator of TOR, 
an inference also reached with regard to LST8 [10, 24]. 
Knockdown of the mammalian KOG1 homolog (Raptor), 
which interacts with downstream targets of TOR, likewise 
emulates treatment with rapamycin [22, 25, 26]. 
TARGETS OF TORC1 
  Several upstream signaling cues, including growth fac-
tors in mammals, nutrients, and environmental stress such as 
hypoxia and DNA damage regulate TORC1 signaling. Major 
targets of TORC1 include components of the translation ma-
chinery (reviewed in [3]). Such downstream targets include 
the general translation initiation factor 4E-BP which func-
tions to regulate availability of the initiation factor eIF4E, 
essential for cap-dependent initiation of translation [27-29]. 
Another well-established target of the TORC1 complex is 
the S6 protein kinase S6K1, which phosphorylates ribosomal 
protein S6, an event that controls elongation factor 2 kinase, 
but probably not translation of mRNAs with a 5'-oligopy- 
rimidine tract as originally suggested [30-32]. 
TORC1-Mediated Regulation of rDNA Transcription 
  In addition to numerous roles in regulation of translation, 
TORC1 regulates transcription of all genes whose products 
are involved in ribosome biogenesis. Production of rRNA 
accounts for at least 60% of total yeast transcriptional activ-
ity during normal growth, so it is a highly energy- and nutri-
ent-consuming process. To conserve resources, cells must 
therefore limit the production of new ribosomes during nu-
trient starvation. Accordingly, both synthesis and the subse-
quent processing of 35S precursor rRNA is regulated by the 
TOR signaling pathway in both mammalian and yeast cells 
[33, 34].  
  rDNA transcription is confined to the nucleolus, where 
rDNA genes are arranged as hundreds of head-to-tail repeats. 
The primary rRNA transcript is then processed into the ma-
ture rRNAs in the nucleolus, which is also the site of ribo-
some biogenesis. A recent study showed that rapamycin and 
nutrient starvation causes rapid delocalization of RNA Pol I 
from the nucleolus, suggesting a possible mechanism for the 
regulation of rDNA transcription by TOR [35]. These 
authors also found that rDNA chromatin undergoes dramatic 
remodeling and becomes condensed in the presence of ra-
pamycin. Notably, the rapamycin-mediated inhibition of 
rDNA transcription was blocked by a mutation in RPD3, a 
histone deacetylase subunit of the RPD3-SIN3 complex. 
Since RPD3–SIN3 histone deacetylase is important for regu-
lation of chromatin condensation in yeast, and since both 
RPD3 and SIN3 were found to be rapamycin sensitive in a 
genomic rapamycin-sensitivity screen, these findings suggest 
that RPD3-mediated histone H4 deacetylation at rDNA 
chromatin may be a critical step in rDNA transcriptional 
regulation [36, 37]. Further supporting a role for chromatin 
remodeling in TOR-mediated rDNA gene activity is that 






Fig. (1). Domain organization of TOR kinases. Functional domains depicted include the N-terminal HEAT repeats, the central FAT do-
main, the kinase domain, and the C-terminal FRB domain to which FKBP12-rapamycin associates. Proteins associating with TORC1 include 
TCO89, KOG1, and LST1, of which only TCO89 has no apparent mammalian homolog. 200    Current Genomics, 2009, Vol. 10, No. 3  Xiao and Grove 
RSC (Remodels the Structure of Chromatin), is differentially 
localized to genomic DNA on TOR inactivation [38]. That 
RPD3 was also reported not to be required for rapamycin-
mediated inhibition of Pol I points to mechanisms beyond 
chromatin remodeling [39]. 
  Like Pol II and Pol III, Pol I requires auxiliary factors to 
mediate promoter recognition; for mammalian Pol I, preini-
tiation complex formation requires the upstream binding 
factor UBF and the promoter selectivity factor TIF-IB/SL1 
(TIF-IB in mouse; SL1 in humans) [40-42]. Yeast does not 
encode a UBF homolog, instead the HMGB protein HMO1 
has been reported to be a component of the Pol I machinery 
[43], and yeast Pol I transcription also requires the multi-
functional complex UAF that binds upstream of the core 
promoter [44, 45]. UBF contains several HMG boxes, which 
result in DNA wrapping about the UBF dimer to bring the 
core promoter and upstream control element UCE into prox-
imity, creating an “enhancesome” [46, 47]. It is thought that 
this DNA conformation is required for productive interac-
tions between UBF and TIF-IB/SL1 that manifest in recruit-
ment of Pol I by UBF and stabilization of TIF-IB/SL1 [48]. 
UBF contacts Pol I directly through interaction with PAF53, 
the mammalian homolog of yeast RPA49, and TIF-IB/SL1 
interacts with TIF-IA, the mammalian homolog of yeast 
Rrn3 [49]. TIF-1A/Rrn3 is a regulatory factor that associates 
with initiation-competent subpopulations of Pol I [50, 51].  
  In both yeast and mammals, TOR controls transcription 
by RNA polymerase I via the transcription factor TIF-
IA/Rrn3, as inactivation of TOR impairs formation of the 
transcription initiation complex [34, 51-53]. Using chromatin 
immunoprecipitation assays, it was found that rapamycin 
treatment causes a decrease in the level of Rrn3-Pol I com-
plex at the yeast rDNA promoter and coding region, similar 
to what occurs in stationary phase, suggesting that the de-
crease in transcriptional activity of individual active genes in 
stationary phase is mediated by the TOR signaling system 
through Rrn3-dependent polymerase recruitment [52]. Thus, 
the Pol I-Rrn3 interaction may be a major target of TOR-
dependent regulation of rDNA transcription [51]. 
  Changes in UBF phosphorylation are key to modulating 
rDNA activity during cell cycle progression; for example, 
phosphorylation of the C-terminal activation domain of UBF 
by casein kinase II (CKII) facilitates the interaction between 
UBF and TIF-IB/SL1 [54]. Stimulation of rDNA transcrip-
tion by mTOR requires both activation of S6K1 and phos-
phorylation of the UBF C-terminal domain (but not directly 
by S6K1; [56]). By contrast, rapamycin treatment leads to 
the rapid dephosphorylation of the UBF C-terminal domain, 
which significantly reduces its ability to interact with SL1 
[55].  
  In addition to signaling functions, including the control 
of cellular localization of specific transcription factors as 
discussed below, TOR1 itself is dynamically distributed in 
the cytoplasm and nucleus in yeast. TOR1 nuclear localiza-
tion is nutrient-dependent and rapamycin sensitive, and star-
vation or treatment with rapamycin causes TOR1 to exit 
from the nucleus. TOR1 nuclear localization is critical for 
35S rRNA synthesis, but not for the expression of ribosomal 
protein genes [56]. Thus, effects of TOR signaling on rRNA 
gene activity appear to be exerted at the levels of both chro-
matin remodeling and transcription factor activity, perhaps 
governed by the cellular localization of TOR. 
TORC1-Mediated Regulation of RP Gene Expression 
  Ribosomal protein (RP) genes in eukaryotes are also 
regulated in response to growth stimuli and environmental 
stress. Global transcription profiling revealed that RP gene 
transcription is drastically repressed in response to rapamy-
cin [33, 57]. As for rRNA gene activity, chromatin remodel-
ing has also been implicated in regulation of RP gene ex-
pression in response to TOR signaling. For example, Rohde 
and Cardenas found that expression of RP genes coincides 
with recruitment of the ESA1 histone acetyl transferase to 
RP gene promoters, while inhibition of TOR with rapamycin 
releases ESA1 from RP gene promoters and leads to histone 
H4 deacetylation. Genetic and biochemical evidence demon-
strated that the chromatin deacetylation complex RPD3-
SIN3, also implicated in regulating rDNA gene activity, con-
tributes to the repression of RP gene expression in response 
to TOR inhibition by rapamycin or nutrient limitation [58, 
59]. 
  A number of transcription factors have been implicated 
in regulation of RP gene expression. Genome-wide detection 
of transcription factor binding revealed that the Forkhead-
like transcription factor FHL1, originally isolated as a multi-
copy suppressor of RNA Pol III, is found at yeast RP gene 
promoters [60, 61]. Subsequent studies found that FHL1 may 
function either as a repressor or activator of RP gene tran-
scription, depending on whether it associates with the corep-
ressor CRF1 (Co-repressor with FHL1) or the coactivator 
IFH1 (Interacts with Forkhead). This decision is made based 
on the subcellular localization of CRF1, which is in turn de-
termined by its phosphorylation state. TOR controls the sub-
cellular localization of protein kinase A (PKA) and the PKA-
regulated kinase YAK1 for which CRF1 is a substrate [62-
64]; in actively growing cells, TORC1 negatively regulates 
the activity of YAK1, keeping CRF1 in the cytoplasm, while 
inhibition of TORC1 results in activation of YAK1, which in 
turn phosphorylates CRF1. Phosphorylated CRF1 translo-
cates to the nucleus where it competes with IFH1 for binding 
to FHL1, which is constitutively bound at RP gene promot-
ers [63]. The essential protein IFH1 is recruited to RP gene 
promoters through the forkhead-associated domain of FHL1 
[62, 64, 65]; FHL1 and IFH1 were shown to associate almost 
exclusively with RP promoters, and the level of IFH1 associ-
ated with RP promoters suggested to determine the level of 
transcription [64]. Accordingly, IFH1 is thought to be an 
essential regulator of RP gene transcription (Fig. (2)). That 
additional factors must contribute to TOR-mediated regula-
tion of RP gene activity was indicated by the observation 
that CRF1 may not be essential for rapamycin-dependent 
down-regulation of RP gene activity, depending on strain 
background, and that simply tethering of FHL1 to RP gene 
promoters is insufficient to cause transcriptional activation, 
in spite of the fact that such tethered FHL1 does recruit IFH1 
[66]. 
  Although yeast FHL1 has a domain that is related to the 
DNA binding domain of the Drosophila Forkhead protein, 
FHL1 was reported not to bind DNA in vitro [67]. Thus, the 
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indirect or facilitated by other proteins. One such candidate 
for FHL1 recruitment is the repressor-activator protein 1 
(Rap1), long known to be involved in the transcription of RP 
genes; most RP genes contain Rap1 binding sites at their 
promoters [68, 69]. However, Rap1 binds to many sites in 
the yeast genome and acts as an activator at some and as a 
repressor at others, as its name implies. Further, not all RP 
gene promoters contain Rap1 binding sites [70], suggesting 
that additional protein(s) contribute to FHL1 recruitment.  
  The complexity of the TOR pathway is further under-
scored by the reported involvement of yet another transcrip-
tion factor, Sfp1, a key cell size regulator, in regulating RP 
gene expression in response to nutrients and stress [71]. Un-
der optimal growth conditions, Sfp1 is localized to the nu-
cleus, bound to the promoters of RP genes where it activates 
RP gene expression. In response to inhibition of TOR signal-
ing, Sfp1 is released from RP gene promoters, and down-
regulation of RP gene transcription occurs concomitant with 
Sfp1 leaving the nucleus. That Sfp1 remains localized to the 
nucleus in a strain constitutively expressing high PKA activ-
ity in spite of rapamycin treatment suggests that Sfp1 may be 
regulated by the branch of the TOR pathway that depends on 
PKA, similar to the regulation of CRF1 localization [63, 71]. 
Analysis of genetic interactions further suggested that Sfp1 
influences RP gene transcription via FHL1 and IFH1, and 
that the association of IFH1 and FHL1 with RP gene pro-
moters was reduced by approximately four-fold and two-
fold, respectively, in sfp1 cells [72]. As for the role of 
CRF1 in communicating downstream signals of the TOR 
pathway, the role of Sfp1 may be strain-dependent, as a sub-
sequent genome-wide ChIP analyses suggested only limited 
association of Sfp1 with RP genes [73]. Thus, while different 
transcription factors have been variously implicated in medi-
ating responses to TOR signaling, suggesting the existence 
of more than one mechanism by which such signals are con-
verted to changes in gene activity, signaling through FHL1 
appears to be the primary pathway. 
Coordination of rRNA and RP Gene Expression in Re-
sponse to TOR Signaling  
  As summarized above, an effect of TOR inactivation on 
rRNA and RP gene expression has been well established, 
although the molecular basis for the response remains to be 
fully elucidated. Notably, recent evidence has finally fur-
nished a link that may provide a clue to the mechanism by 
which transcriptional activity of the different RNA polym-
erase machineries may be coordinated in response to TOR 
signaling. This link comes in the form of the yeast HMGB 
homolog HMO1. HMGB proteins are conserved architec-
tural proteins that bind DNA without sequence specificity, 
but with preference for DNA with structural distortions. As 
for mammalian HMGB homologs, HMO1 is composed of 
two HMG boxes, box A and box B. Box A has low affinity 
for DNA but is required for DNA structural specificity and 
for DNA bending, whereas box B is required for high affin-
ity DNA binding [74, 75]. Genetic analysis showed that 
HMO1 is important for maximal transcription of rDNA [43]. 
While the molecular basis for the involvement of HMO1 in 
Pol I transcription is unknown, it is noteworthy that HMO1 












Fig. (2). HMO1 associates with both rRNA and RP gene promoters to coordinate gene expression in response to TORC1 activity. On 
rDNA, HMO1 associates with both promoter and coding regions of transcriptionally active rDNA. Proposed functions include a role akin to 
that reported for mammalian UBP in transcriptional initiation and a role in coordinating transcriptional elongation with pre-rRNA process-
ing, to which Utp22 and Rrp7 contribute. On most RP gene promoters, Rap1 sites are further upstream than on other Rap1-dependent genes, 
and association of Rap1 appears to be required for the subsequent cooperative binding of HMO1 and FHL1 at IFHL sites. When TORC1 is 
active, the coactivator IFH1 binds FHL1 to activate RP gene transcription. When TORC1 is inactive, phosphorylated CRF1 translocates to 
the nucleus to compete with IFH1 for binding to FHL1 and repress transcription. IFH1 is found in the “CURI” complex also containing 
Utp22, Rrp7, and CKII, with which FHL1 also associates. HMO1 dissociates from both classes of genes on inactivation of TORC1. 202    Current Genomics, 2009, Vol. 10, No. 3  Xiao and Grove 
corresponds to the mammalian PAF53 which interacts di-
rectly with the HMG-box-containing transcription factor 
UBF; as noted above, yeast does not encode a UBF homolog 
[43, 48, 49]. It is therefore tempting to speculate that HMO1 
may serve to configure the yeast Pol I promoter for optimal 
transcriptional activity, akin to the enhancesome structure 
proposed for UBF [46, 47].  
  A seminal study by Hall and coworkers demonstrated 
that HMO1 associates throughout the rDNA locus [76]. 
Their study also confirmed that HMO1 is required for 
maximal transcription of rRNA genes and demonstrated a 
role for HMO1 in rRNA maturation. Considering the local-
ization of HMO1 throughout the rDNA locus, its reported 
role in rRNA processing, and recent evidence linking RNA 
Pol I transcriptional elongation with rRNA maturation, it is 
conceivable that HMO1 participates in coordinating these 
activities [77]. Importantly, HMO1 was also found to associ-
ate with most RP gene promoters and to do so in a Rap1-
dependent fashion [76]. While Rap1 appears to be required 
for association of HMO1 with RP gene promoters, it is not 
sufficient, as evidenced by its localization to other genomic 
loci to which HMO1 does not associate. Notably, HMO1 
association is reduced in an fhl1 strain, while inactivation 
of  HMO1 completely eliminates association of FHL1 and 
IFH1 with RP genes [76]. These data indicate that HMO1 
and FHL1 bind cooperatively to RP gene promoters, and that 
Rap1 may promote this association.  
  Using a global genetic approach, Berger et al. subse-
quently reported that HMO1 specifically interacts with the 
Pol I-transcribed region of the rDNA locus, pointing to a role 
in elongation, and confirmed its association with a subset of 
RP gene promoters [78]. This is consistent with an inde-
pendent report indicating that HMO1 associates with the 35S 
rRNA gene in an RNA Pol I-dependent manner [73]. Nota-
bly, HMO1 was seen to dissociate from both rDNA and 
some RP gene promoters upon rapamycin treatment, and 
HMO1 deletion was shown to reduce the TORC1-dependent 
repression of RP gene expression [78]. These results clearly 
link HMO1 to the rapamycin-dependent TOR pathway and 
suggest that HMO1 is involved in coordinating rDNA tran-
scription by Pol I and RP gene expression by Pol II in re-
sponse to TOR signaling. 
CONCLUSION 
  The molecular mechanisms underlying the role of HMO1 
in coordinating rRNA and RP gene transcription in response 
to TOR-mediated signals remain to be determined. In the 
case of rDNA, HMO1 has been proposed to serve roles akin 
to those fulfilled by UBF in mammalian transcriptional ini-
tiation as well as in linking transcriptional elongation with 
pre-rRNA processing. Regardless of its specific function(s), 
it is clear that HMO1 abandons the rDNA locus when 
TORC1 is inhibited [78]. For UBF, dephosphorylation in 
response to rapamycin treatment is accompanied by reduced 
recruitment of Pol I [55]. Whether HMO1 is likewise subject 
to covalent modification in a rapamycin-dependent fashion 
remains to be determined.  
  At RP gene promoters, several transcription factors have 
been implicated in mediating downstream effects of TOR 
signaling. While the role of Sfp1 appears particularly uncer-
tain, a consensus is emerging based on consistent reports 
from several groups (Fig. (2)). At most RP gene promoters, 
HMO1 appears to associate in a Rap1-dependent fashion, 
followed or accompanied by FHL1; however, at the promot-
ers to which HMO1 only associates modestly, FHL1 binding 
appears independent of HMO1 [73]. The transcription factor 
IFH1 is essential, consistent with its reported role as a co-
activator of RP gene transcription; if IFH1 is absent, the co-
repressor CRF1 would also encounter no competition for 
binding to FHL1, thus potentially abolishing even basal lev-
els of RP transcription. Depending on genetic background, a 
rapamycin-mediated down-regulation of RP gene activity 
may still be seen when CRF1 is inactivated; however, the 
basis for this observation remains unknown and has been 
suggested to involve more than one gene product [66]. One 
possible clue derives from the observation that IFH1 is found 
to a significant extent in a complex named CURI, composed 
of casein kinase II (CKII), Utp22, Rrp7 and IFH1), a com-
plex with which FHL1 also loosely associates [79]. Notably, 
both Utp22 and Rrp7 have been implicated in pre-rRNA 
processing, a process in which HMO1 is also involved. It is 
possible that TOR-dependent sequestration of IFH1 in the 
CURI complex limits its availability as an RP gene activator, 
causing down-regulation of RP gene expression on inhibition 
of the TOR pathway. Activation of rDNA transcription may 
lead to disruption of CURI as Utp22 and Rrp7 engage in pre-
rRNA processing, thus releasing IFH1 to activate RP gene 
expression [79]. Whether HMO1 participates in this pro-
posed scenario has not been addressed; however, HMO1 has 
been reported to interact directly with Utp22 [80], consistent 
with both proteins participating in pre-rRNA processing, 
suggesting the possibility that CURI may be recruited to 
both rRNA and RP genes by interaction with HMO1. 
  As HMO1 is non-sequence-specific in its DNA binding 
[74, 75], it is likely recruited to RP gene promoters by asso-
ciation with sequence-specific factors; that FHL1 fails to 
bind DNA in vitro, even in the presence of Rap1 [67], com-
bined with the co-dependence of HMO1 and FHL1 for bind-
ing to RP genes [76], suggests that HMO1 (or another factor, 
perhaps Sfp1) may be required to stabilize it on the DNA. 
HMO1 was reported either to have no effect or to cause a 
mild activation of RP gene transcription [76, 78]; such ef-
fects may be due to its interaction with TFIID, which has 
been reported to affect occupancy of TFIID at certain RP 
gene promoters as well as to participate in start site selection 
of a subset of Pol II genes [81]. As for rDNA, the mecha-
nism by which HMO1 leaves the RP gene promoters follow-
ing inhibition of the TOR pathway is not known.  
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TOR =  Target  of  Rapamycin 
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FHL1 =  Forkhead  like 
IFH1  =  Interacts with Forkhead 
CRF1  =  Corepressor with Forkhead 
Pol =  Polymerase 
UBF =  Upstream  Binding  Factor 
REFERENCES 
[1]  Bjornsti, M.A., Houghton, P.J. The TOR pathway: a target for 
cancer therapy. Nat. Rev. Cancer 2004, 4: 335-348. 
[2]  Fingar, D.C., Blenis, J. Target of rapamycin (TOR): an integrator 
of nutrient and growth factor signals and coordinator of cell growth 
and cell cycle progression. Oncogene 2004, 23: 3151-3171. 
[3]  Hay, N., Sonenberg, N. Upstream and downstream of mTOR. 
Genes Dev. 2004, 18: 1926-1945.  
[4]  Bjornsti, M.A., Houghton, P.J. Lost in translation: dysregulation of 
cap-dependent translation and cancer. Cancer Cell 2004, 5: 519-
523. 
[5]  Harris, T.E., Lawrence, J.C., Jr. TOR signaling. Sci. STKE 2003, 
212: re15. 
[6]  Reiling, J.H., Sabatini, D.M. Stress and mTORture signaling. On-
cogene 2006, 25: 6373-6383. 
[7]  Vivanco, I., Sawyers, C.L. The phosphatidylinositol 3-Kinase AKT 
pathway in human cancer. Nat. Rev. Cancer 2002, 2: 489-501. 
[8]  Wullschleger, S., Loewith, R., Hall, M.N. TOR signaling in growth 
and metabolism. Cell 2006, 124: 471-484. 
[9]  Heitman, J., Movva, N.R., Hall, M.N. Targets for cell cycle arrest 
by the immunosuppressant rapamycin in yeast. Science 1991, 253: 
905-909. 
[10]  Loewith, R., Jacinto, E., Wullschleger, S., Lorberg, A., Crespo, 
J.L., Bonenfant, D., Oppliger, W., Jenoe, P., Hall, M.N. Two TOR 
complexes, only one of which is rapamycin sensitive, have distinct 
roles in cell growth control. Mol. Cell 2002, 10: 457-68. 
[11]  Reinke, A., Anderson, S., McCaffery, J.M., Yates, J. 3rd, Aronova, 
S., Chu, S., Fairclough, S., Iverson, C., Wedaman, K.P., Powers, T. 
TOR complex 1 includes a novel component, Tco89p (YPL180w), 
and cooperates with Ssd1p to maintain cellular integrity in Sac-
charomyces cerevisiae. J. Biol. Chem. 2004, 279: 14752-14762. 
[12]  Crespo, J.L., Hall, M.N. Elucidating TOR signaling and rapamycin 
action: lessons from Saccharomyces cerevisiae.  Microbiol. Mol. 
Biol. Rev. 2002, 66: 579-591.  
[13]  Schmidt, A., Kunz, J., Hall, M.N. TOR2 is required for organiza-
tion of the actin cytoskeleton in yeast. Proc. Natl. Acad. Sci. USA 
1996, 93: 13780-13785. 
[14]  Wullschleger, S., Loewith, R., Oppliger, W., Hall, M.N. Molecular 
organization of TOR complex 2. J. Biol. Chem. 2005, 280: 30697-
30704. 
[15]  Helliwell, S.B., Wagner, P., Kunz, J., Deuter-Reinhard, M., Henri-
quez, R., Hall, M.N. TOR1 and TOR2 are structurally and func-
tionally similar but not identical phosphatidylinositol kinase homo-
logues in yeast. Mol. Biol. Cell 1994, 5: 105-118. 
[16]  Sarbassov, D.D., Ali, S.M., Sengupta, S., Sheen, J.H., Hsu, P.P., 
Bagley, A.F., Markhard, A.L., Sabatini, D.M. Prolonged rapamycin 
treatment inhibits mTORC2 assembly and Akt/PKB. Mol. Cell 
2006, 22: 159-168. 
[17]  Zheng, X.F., Florentino, D., Chen, J., Crabtree, G.R., Schreiber, 
S.L. TOR kinase domains are required for two distinct functions, 
only one of which is inhibited by rapamycin. Cell 1995, 82: 121-
130. 
[18]  Kunz, J., Schneider, U., Howald, I., Schmidt, A., Hall, M.N. HEAT 
repeats mediate plasma membrane localization of Tor2p in yeast. J. 
Biol. Chem. 2000, 275: 37011-37020. 
[19]  Alarcon, C.M., Heitman, J., Cardenas, M.E. Protein kinase activity 
and identification of a toxic effector domain of the target of ra-
pamycin TOR proteins in yeast. Mol. Biol. Cell 1999, 10: 2531-
2546. 
[20]  Zhang, Y., Billington, C.J., Jr., Pan, D., Neufeld, T.P. Drosophila 
target of rapamycin kinase functions as a multimer. Genetics 2006, 
172: 355-362. 
[21]  Schreiber, S.L. Chemistry and biology of the immunophilins and 
their immunosuppressive ligands. Science 1991, 251: 283-287. 
[22]  Kim, D.H., Sarbassov, D.D., Ali, S.M., King, J.E., Latek, R.R., 
Erdjument-Bromage, H., Tempst, P., Sabatini, D.M. mTOR inter-
acts with raptor to form a nutrient-sensitive complex that signals to 
the cell growth machinery. Cell 2002, 110: 163-175. 
[23]  Oshiro, N., Yoshino, K., Hidayat, S., Tokunaga, C., Hara, K., Egu-
chi, S., Avruch, J., Yonezawa, K. Dissociation of raptor from 
mTOR is a mechanism of rapamycin-induced inhibition of mTOR 
function. Genes Cells 2004, 9: 359-366. 
[24]  Chen, E.J., Kaiser, C.A. LST8 negatively regulates amino acid 
biosynthesis as a component of the TOR pathway, J. Cell Biol. 
2003, 161: 333-347. 
[25]  Hara, K., Maruki, Y., Long, X., Yoshino, K., Oshiro, N., Hidayat, 
S., Tokunaga, C., Avruch, J., Yonezawa, K. Raptor, a binding part-
ner of target of rapamycin (TOR), mediates TOR action. Cell 2002, 
110: 177-189. 
[26]  Sarbassov, D.D., Ali, S.M., Kim, D.H., Guertin, D.A. Latek, R.R., 
Erdjument-Bromage, H., Tempst, P., Sabatini, D.M. Rictor, a novel 
binding partner of mTOR, defines a rapamycin-insensitive and rap-
tor-independent pathway that regulates the cytoskeleton. Curr. 
Biol. 2004, 14: 1296-1302. 
[27]  Khaleghpour, K., Pyronnet, S., Gingras, A.C., Sonenberg, N. 
Translational homeostasis: eukaryotic translation initiation factor 
4E control of 4E-binding protein 1 and p70 S6 kinase activities. 
Mol. Cell. Biol. 1999, 19: 4302-4310. 
[28]  Miron, M., Lasko, P., Sonenberg, N. Signaling from Akt to 
FRAP/TOR targets both 4E-BP and S6K in Drosophila mela-
nogaster. Mol. Cell. Biol. 2003, 23: 9117-9126. 
[29]  Teleman, A.A., Chen, Y.W., Cohen, S.M. 4E-BP functions as a 
metabolic brake used under stress conditions but not during normal 
growth. Genes Dev. 2005, 19: 1844-1848. 
[30]  Wang, X., Li, W., Williams, M., Terada, N., Alessi, D.R., Proud, 
C.G. Regulation of elongation factor 2 kinase by p90RSK1 and p70 
S6 kinase, EMBO J. 2001, 20: 4370-4379. 
[31]  Pende, M., Um, S.H., Mieulet, V., Sticker, M., Goss, V.L., Mestan, 
J., Mueller, M., Fumagalli, S., Kozma, S.C., Thomas, G. S6K1(-/-
)/S6K2(-/-) mice exhibit perinatal lethality and rapamycin-sensitive 
5'-terminal oligopyrimidine mRNA translation and reveal a mito-
gen-activated protein kinase-dependent S6 kinase pathway, Mol. 
Cell. Biol. 2004, 24: 3112-3124. 
[32]  Ruvinsky, I., Sharon, N., Lerer, T., Cohen, H., Stolovich-Rain, M., 
Nir, T., Dor, Y., Zisman, P., Meyuhas, O. Ribosomal protein S6 
phosphorylation is a determinant of cell size and glucose homeo-
stasis, Genes Dev. 2005, 19: 2199-2211. 
[33]  Powers, T., Walter, P. Regulation of ribosome biogenesis by the 
rapamycin-sensitive TOR-signaling pathway in Saccharomyces 
cerevisiae. Mol. Biol. Cell 1999, 10: 987-1000.  
[34]  Mayer, C., Zhao, J., Yuan, X., Grummt, I. mTOR-dependent acti-
vation of the transcription factor TIF-IA links rRNA synthesis to 
nutrient availability, Genes Dev. 2004, 18: 423-434. 
[35]  Tsang, C.K., Bertram, P.G., Ai, W., Drenan, R., Zheng, X.F. 
Chromatin-mediated regulation of nucleolar structure and RNA Pol 
I localization by TOR. EMBO J. 2003, 22: 6045-6056. 
[36]  Kasten, M.M., Dorland, S., Stillman, D.J. A large protein complex 
containing the yeast Sin3p and Rpd3p transcriptional regulators. 
Mol. Cell. Biol. 1997, 17: 4852-4858. 
[37]  Chan, T.F., Carvalho, J., Riles, L., Zheng, X.F.S. A chemical ge-
nomics approach toward understanding the global functions of 
TOR. Proc. Natl. Acad. Sci. USA 2000, 97: 13227-13232. 
[38]  Damelin, M., Simon, I., Moy, T.I., Wilson, B., Komili, S., Tempst, 
P., Roth, F.P., Young, R.A., Cairns, B.R., Silver, P.A. The genome-
wide localization of Rsc9, a component of the RSC chromatin-
remodeling complex, changes in response to stress. Mol. Cell. 
2002, 9: 563-73.  
[39]  Oakes, M.L., Siddiqi, I., French, S.L., Vu, L., Sato, M., Aris, J.P., 
Beyer, A.L., Nomura, M. Role of histone deacetylase Rpd3 in regu-
lating rRNA gene transcription and nucleolar structure in yeast. 
Mol. Cell. Biol. 2006, 26: 3889-3901. 204    Current Genomics, 2009, Vol. 10, No. 3  Xiao and Grove 
[40]  Jantzen, H.M., Admon, A., Bell, S.P., Tjian, R. Nucleolar transcrip-
tion factor hUBF contains a DNA-binding motif with homology to 
HMG proteins. Nature 1990, 344: 830-836. 
[41]  Clos, J., Buttgereit, D., Grummt, I. A purified transcription factor 
(TIF-IB) binds to essential sequences of the mouse rDNA pro-
moter. Proc. Natl. Acad. Sci. USA 1986, 83: 604-608. 
[42]  Learned, R.M., Cordes, S., Tjian, R. Purification and characteriza-
tion of a transcription factor that confers promoter specificity to 
human RNA polymerase I. Mol. Cell. Biol. 1985, 5: 1358-1369. 
[43]  Gadal, O., Labarre, S., Boschiero, C., Thuriaux, P. Hmo1, an 
HMG-box protein, belongs to the yeast ribosomal DNA transcrip-
tion system. EMBO J. 2002, 21: 5498-5507. 
[44]  Keys, D.A., Lee, B.S., Dodd, J.A., Nguyen, T.T., Vu, L., Fantino, 
E., Burson, L.M., Nogi, Y., Nomura, M. Multiprotein transcription 
factor UAF interacts with the upstream element of the yeast RNA 
polymerase I promoter and forms a stable preinitiation complex. 
Genes Dev. 1996, 10: 887-903. 
[45]  Siddiqi, I.N., Dodd, J.A., Vu, L., Eliason, K., Oakes, M.L., Keener, 
J., Moore, R., Young, M.K., Nomura, M. Transcription of 
chromosomal rRNA genes by both RNA polymerase I and II in 
yeast uaf30 mutants lacking the 30 kDa subunit of transcription 
factor UAF. EMBO J. 2001, 20: 4512-4521. 
[46]  Stefanovsky, V.Y., Pelletier, G., Bazett-Jones, D.P., Crane-
Robinson, C., Moss, T. DNA looping in the RNA polymerase I en-
hancesome is the result of non-cooperative in-phase bending by 
two UBF molecules. Nucleic Acids Res. 2001, 29: 3241-3247. 
[47]  Putnam, C.D., Copenhaver, G.P., Denton, M.L., Pikaard, C.S. The 
RNA polymerase I transactivator upstream binding factor requires 
its dimerization domain and high-mobility-group (HMG) box 1 to 
bend, wrap, and positively supercoil enhancer DNA.  Mol. Cell. 
Biol. 1994, 14: 6476-6488. 
[48]  Kuhn, A., Grummt, I. Dual role of the nucleolar transcription factor 
UBF: trans-activator and antirepressor. Proc. Natl. Acad. Sci. USA 
1992, 89: 7340-7344. 
[49]  Bodem, J., Dobreva, G., Hoffmann-Rohrer, U., Iben, S., Zentgraf, 
H., Delius, H., Vingron, M., Grummt, I. TIF-IA, the factor mediat-
ing growth-dependent control of ribosomal RNA synthesis, is the 
mammalian homolog of yeast Rrn3p. EMBO Rep. 2000, 1: 171-
175. 
[50]  Miller, G., Panov, K.I., Friedrich, J.K., Trinkle-Mulcahy, L., 
Lamond, A.I., Zomerdijk, J.C. hRRN3 is essential in the SL1-
mediated recruitment of RNA Polymerase I to rRNA gene promot-
ers. EMBO J. 2001, 20: 1373-1382. 
[51]  Laferté, A., Favry, E., Sentenac, A., Riva, M., Carles, C., Chédin, 
S. The transcriptional activity of RNA polymerase I is a key 
determinant for the level of all ribosome components. Genes Dev. 
2006, 20: 2030-2040. 
[52]  Claypool, J.A., French, S.L., Johzuka, K., Eliason, K., Vu, L., 
Dodd, J.A., Beyer, A.L., Nomura, M. Tor pathway regulates 
Rrn3p-dependent recruitment of yeast RNA polymerase I to the 
promoter but does not participate in alteration of the number of ac-
tive genes. Mol. Biol. Cell 2004, 15: 946-956.  
[53]  Cavanaugh, A.H., Hirschler-Laszkiewicz, I., Hu, Q., Dundr, M., 
Smink, T., Misteli, T., Rothblum, L.I. Rrn3 phosphorylation is a 
regulatory checkpoint for ribosome biogenesis. J.  Biol. Chem. 
2002, 277: 27423-27432.  
[54]  Tuan, J.C., Zhai, W., Comai, L. Recruitment of TATA-binding 
protein-TAFI complex SL1 to the human ribosomal DNA promoter 
is mediated by the carboxy-terminal activation domain of upstream 
binding factor (UBF) and is regulated by UBF phosphorylation. 
Mol. Cell. Biol. 1999, 19: 2872-2879. 
[55]  Hannan, K.M., Brandenburger, Y., Jenkins, A., Sharkey, K., Cava-
naugh, A., Rothblum, L., Moss, T., Poortinga, G., McArthur, G.A., 
Pearson, R.B., Hannan, R.D. mTOR-dependent regulation of ribo-
somal gene transcription requires S6K1 and is mediated by phos-
phorylation of the carboxy-terminal activation domain of the nu-
cleolar transcription factor UBF. Mol. Cell. Biol. 2003, 23: 8862-
8877. 
[56]  Li, H., Tsang, C.K., Watkins, M., Bertram, P.G., Zheng, X.F. Nu-
trient regulates Tor1 nuclear localization and association with 
rDNA promoter. Nature 2006, 442: 1058-1061. 
[57]  Hardwick, J.S., Kuruvilla, F.G., Tong, J.K., Shamji, A.F., Schrei-
ber, S.L. Rapamycin-modulated transcription defines the subset of 
nutrient-sensitive signaling pathways directly controlled by the Tor 
proteins. Proc. Natl. Acad. Sci. USA 1999, 96: 14866-14870. 
[58]  Reid, J.L., Iyer, V.R., Brown, P.O., Struhl, K. Coordinate regula-
tion of yeast ribosomal protein genes is associated with targeted re-
cruitment of Esa1 histone acetylase. Mol. Cell 2000, 6: 1297-1307. 
[59]  Rohde, J.R., Cardenas, M.E. The tor pathway regulates gene ex-
pression by linking nutrient sensing to histone acetylation. Mol. 
Cell. Biol. 2003, 23: 629-635. 
[60]  Hermann-Le Denmat, S., Werner, M., Sentenac, A., Thuriaux, P. 
Suppression of yeast RNA polymerase III mutations by FHL1, a 
gene coding for a fork head protein involved in rRNA processing. 
Mol. Cell. Biol. 1994, 14: 2905-2913. 
[61]  Bar-Joseph, Z., Gerber, G.K., Lee, T.I., Rinaldi, N.J., Yoo, J.Y., 
Robert, F., Gordon, D.B., Fraenkel, E., Jaakkola, T.S., Young, 
R.A., Gifford, D.K. Computational discovery of gene modules and 
regulatory networks. Nat. Biotechnol. 2003, 21: 1337-1342. 
[62]  Schmelzle, T., Beck, T., Martin, D.E., Hall, M.N. Activation of the 
RAS/cyclic AMP pathway suppresses a TOR deficiency in yeast. 
Mol. Cell. Biol. 2004, 24: 338-351. 
[63]  Martin, D.E., Soulard, A., Hall, M.N. TOR regulates ribosomal 
protein gene expression via PKA and the Forkhead transcription 
factor FHL1. Cell 2004, 119: 969-979.  
[64]  Wade, J.T., Hall, D.B., Struhl, K. The transcription factor Ifh1 is a 
key regulator of yeast ribosomal protein genes. Nature 2004, 432: 
1054-1058. 
[65]  Schawalder, S.B., Kabani, M., Howald, I., Choudhury, U., Werner, 
M., Shore, D. Growth-regulated recruitment of the essential yeast 
ribosomal protein gene activator Ifh1.  Nature  2004,  432: 1058-
1061. 
[66]  Zhao, Y., McIntosh, K.B., Rudra, D., Schawalder, S., Shore, D., 
Warner, J.R. Fine-structure analysis of ribosomal protein gene tran-
scription. Mol. Cell. Biol. 2006, 26: 4853-4862.  
[67]  Rudra, D., Zhao, Y., Warner, J.R. Central role of Ifh1p-Fhl1p in-
teraction in the synthesis of yeast ribosomal proteins. EMBO J. 
2005, 24: 533-542.  
[68]  Woudt, L.P., Smit, A.B., Mager, W.H., Planta, R.J. Conserved 
sequence elements upstream of the gene encoding yeast ribosomal 
protein L25 are involved in transcription activation. EMBO J. 1986, 
5: 1037-1040.  
[69]  Piña, B., Fernández-Larrea, J., García-Reyero, N., Idrissi, F.Z. The 
different (sur)faces of Rap1p. Mol. Genet. Genomics 2003,  268: 
791-798.  
[70]  Zhang, J., Vingron, M., Roepcke, S. Characteristic differences 
between the promoters of intron-containing and intronless ribo-
somal protein genes in yeast. BMC Res. Notes 2008, 29: 109.  
[71]  Marion, R.M., Regev, A., Segal, E., Barash, Y., Koller, D., Fried-
man, N., O'Shea, E.K. Sfp1 is a stress- and nutrient-sensitive regu-
lator of ribosomal protein gene expression. Proc. Natl. Acad. Sci. 
USA 2004, 101: 14315-14322. 
[72]  Jorgensen, P., Rupes, I., Sharom, J.R., Schneper, L., Broach, J.R., 
Tyers, M. A dynamic transcriptional network communicates 
growth potential to ribosome synthesis and critical cell size. Genes 
Dev. 2004, 18: 2491-2505. 
[73]  Kasahara, K., Ohtsuki, K., Ki, S., Aoyama, K., Takahashi, H., 
Kobayashi, T., Shirahige, K., Kokubo, T. Assembly of regulatory 
factors on rRNA and ribosomal protein genes in Saccharomyces 
cerevisiae. Mol. Cell. Biol. 2007, 27: 6686-6705. 
[74]  Kamau, E., Bauerle, K.T., Grove, A. The Saccharomyces cere-
visiae high mobility group box protein HMO1 contains two func-
tional DNA binding domains. J. Biol. Chem.  2004,  279: 55234-
55240. 
[75]  Bauerle, K.T., Kamau, E., Grove, A. Interactions between N- and 
C-terminal domains of the Saccharomyces cerevisiae high-mobility 
group protein HMO1 are required for DNA bending. Biochemistry 
2006, 45: 3635-3645. 
[76]  Hall, D.B., Wade, J.T., Struhl, K. An HMG protein, Hmo1, associ-
ates with promoters of many ribosomal protein genes and through-
out the rRNA gene locus in Saccharomyces cerevisiae. Mol. Cell. 
Biol. 2006, 26: 3672-3679. 
[77]  Schneider, D.A., Michel, A., Sikes, M.L., Vu, L., Dodd, J.A., Sal-
gia, S., Osheim, Y.N., Beyer, A.L., Nomura, M. Transcription 
elongation by RNA polymerase I is linked to efficient rRNA proc-
essing and ribosome assembly. Mol. Cell 2007, 6: 217-229. Coordination of Ribosomal Protein  Current Genomics, 2009, Vol. 10, No. 3    205 
[78]  Berger, A.B., Decourty, L., Badis, G., Nehrbass, U., Jacquier, A., 
Gadal, O. Hmo1 is required for TOR-dependent regulation of ribo-
somal protein gene transcription. Mol. Cell. Biol. 2007, 27: 8015-
8026.  
[79]  Rudra, D., Mallick, J., Zhao, Y., Warner, J.R. Potential interface 
between ribosomal protein production and pre-rRNA processing. 
Mol. Cell. Biol. 2007, 27: 4815-4824. 
[80]  Krogan, N.J., Cagney, G., Yu, H., Zhong, G., Guo, X., Ig-
natchenko, A., Li, J., Pu, S., Datta, N., Tikuisis, A.P., Punna, T., 
Peregrín-Alvarez, J.M., Shales, M., Zhang, X., Davey, M., Robin-
son, M.D., Paccanaro, A., Bray, J.E., Sheung, A., Beattie, B., Rich-
ards, D.P., Canadien, V., Lalev, A., Mena, F., Wong, P., Starostine, 
A., Canete, M.M., Vlasblom, J., Wu, S., Orsi, C., Collins, S.R., 
Chandran, S., Haw, R., Rilstone, J.J., Gandi, K., Thompson, N.J., 
Musso, G., St Onge, P, Ghanny, S., Lam, M.H., Butland, G., Altaf-
Ul, A.M., Kanaya, S., Shilatifard, A., O'Shea, E., Weissman, J.S., 
Ingles, C.J, Hughes, T.R., Parkinson, J., Gerstein, M., Wodak, S.J, 
Emili, A., Greenblatt, J.F. Global landscape of protein complexes 
in the yeast Saccharomyces cerevisiae. Nature 2006, 440: 637-643. 
[81]  Kasahara, K., Ki, S., Aoyama, K., Takahashi, H., Kokubo, T. Sac-
charomyces cerevisiae HMO1 interacts with TFIID and partici-
pates in start site selection by RNA polymerase II. Nucleic Acids 
Res. 2008, 36: 1343-1357. 
 
 
 
 